S by 26 fluorination gas-source mass spectrometry, and tested for homogeneity at the micro-scale by 27 secondary ion mass spectrometry. Beam-sample interaction as a function of crystallographic 28 orientation is determined to have no effect on δ 34 S and Δ 33 S isotopic measurements of 29 pentlandite. These new findings provided the basis for a case study on the genesis of the 30
Long-Victor nickel-sulfide deposit located in the world class Kambalda nickel camp in the 31 southern Kalgoorlie Terrane of Western Australia. Results demonstrate that precise multiple 32 sulfur isotope analyses from magmatic pentlandite, pyrrhotite and chalcopyrite can better 33 constrain genetic models related to ore-forming processes. Data indicate that pentlandite, 34 pyrrhotite and chalcopyrite are in isotopic equilibrium and display similar Δ 33 S values 35 +0.2‰. This isotopic equilibrium unequivocally fingerprints the isotopic signature of the 36 magmatic assemblage. The three sulfide phases show slightly variable δ 34 S values 1 (δ 34 Schalcopyrite = 2.9 ± 0.3‰, δ 34 Spentlandite = 3.1 ± 0.2‰, and δ 34 Spyrrhotite = 3.9 ± 0.5‰), which 2 are indicative of natural fractionation. Careful in situ multiple sulfur isotope analysis of 3 multiple sulfide phases is able to capture the subtle isotopic variability of the magmatic 4 sulfide assemblage, which may help resolve the nature of the ore-forming process. Hence, 5 this SIMS-based approach discriminates the magmatic sulfur isotope signature from that 6 recorded in metamorphic-and alteration-related sulfides, which is not resolved during bulk 7 rock fluorination analysis. The results indicate that, unlike the giant dunite-hosted komatiite 8 systems that thermo-mechanically assimilated volcanogenic massive sulfides proximal to 9 vents and display negative Δ 33 S values, the Kambalda ores formed in relatively distal 10 environments assimilating abyssal sulfidic shales. 11 12 HIGHLIGHTS 13  Characterisation of four sulfide standards for multiple sulfur isotope analysis: pyrite, 14 chalcopyrite, pyrrhotite, and pentlandite for distribution 15
 Analysis of orientation effect in pentlandite 16
 Natural sulfur isotope fractionation between pentlandite and pyrrhotite 17  Case study multiple sulfur isotope analysis of three sulfide phases within world-class 18 Long-Victor komatiite-hosted nickel-sulfide deposit 19
20

KEYWORDS 21
Multiple sulfur isotopes, SIMS, in situ, sulfide minerals, ore genesis 22 23 1. INTRODUCTION 24 Sulfur is a trace element in silicate melts, typically concentrated below 0.2 wt.%. However, it 25 is an essential element in a wide range of environments including the lithosphere, biosphere, 26 hydrosphere, and atmosphere. In recent years, our understanding of the sulfur cycle and its 27 role in the evolution of these terrestrial reservoirs has been revolutionised by the study of the 28 sulfur isotope composition of pyrite, the most common sulfide mineral (Farquhar et al., 2000; 29 Kump, 2012 and references therein; Strauss, 1997; Thomassot et al., 2015) . We have gained a 30 fundamental understanding into the development of early Earth's processes, in particular 31 those linked to the emergence of life and the development of an oxygenated atmosphere 32 (Farquhar et al., 2000) , by the discovery of mass independent fractionation (MIF) of sulfur 33 isotopes. 34 35 Sulfur resides in the Earth's mantle, crust and hydrosphere but is locally concentrated in 36 mineralised systems typically associated with ore deposits, where it acts as the primary 37 complexing ligand in the formation of sulfide minerals. Mantle-and crustally-derived 38 magmas have brought large quantities of economic metals from the Earth's interior to the 39 near surface, and hydrothermal fluids have remobilised and re-precipitated these metals 1 within the crust as different sulfides. The sulfur itself may be sourced from a variety of 2 compositional reservoirs, each with distinct isotopic compositions. Mixing and interactions 3 with the mantle, crustal magmas, hydrothermal fluids, country rocks, or meteoric waters 4 imparts specific isotopic signatures, resulting in minerals with a range of isotopic 5
compositions. As such, intra-grain and inter-grain chemical and isotopic variations in sulfur-6 rich mineralised systems record the interaction of these different reservoirs and offer unique 7 insights into the complex fluid-rock interactions within mineral systems (McCuaig et al. 8 2010) . For example, in magmatic ore deposits, sulfur isotope data have fingerprinted the 9 source of the sulfur linked to ore genesis (Bekker et . Constraining the sulfur isotopic signature in magmatic- 16 hydrothermal mineral systems is useful in delineating the source of sulfur, and is an 17 important parameter to understand how, when and where sulfur saturation occurs (e.g., Evans 18 et al., 2014) . In addition, such data provides a better understanding of the geodynamic 19 environment in which the mineralising process occurs which impacts on the targeting 20 rationale applied during exploration (e.g., Fiorentini et al., 2012a) . Consequently, ore 21 deposits are a perfect laboratory for understanding the source and mobility of sulfur in a wide 22 variety of settings. 23 24 Mineral systems and ore deposits have characteristically complex microscale intra-granular 25 and inter-granular textures due to variations in their chemistry during formation and 26 subsequent re-equilibration during cooling (e.g., pentlandite exsolution in pyrrhotite; Durazzo 27 and Taylor, 1982) . In situ sulfur isotope analysis at the microscale has the potential to 28 revolutionise our understanding of ore forming processes. The development of in situ 29 analytical techniques using laser ablation-(multi-collection)-inductively coupled plasma mass 30 spectrometry (LA-MC-ICPMS; see Bühn et al., 2012; Craddock et al., 2008 ) and large 31 geometry secondary ion mass spectrometry (SIMS; see Farquhar et for the assessment of the stability of the instrument during the given analytical session, and 6 correct for instrumental drift. Secondly, sample isotopic ratios are corrected for instrumental 7 mass fractionation using the correction factor α, determined by normalising the mean of all 8 measurements on the matrix matched reference material, Rstd, to the isotopic ratio of the 9 reference material R RM as obtained by independent bulk methods (e.g. fluorination gas-source 10 mass spectrometry): 11
The propagated uncertainty for the δ x S value of each sample spot takes into account the 13 internal error on the raw isotopic ratios, the uncertainty on the drift correction where 14 necessary and the uncertainty on the standard measurement, calculated as the standard 15 deviation on the mean isotopic ratios measured in the standards. 16 17 Identifying MIF has become increasingly important in assessing a number of geological 18 environments because it reveals fundamental information pertaining to the age and source of 19 sulfide mineralization (e.g., Johnston, 2011) . MIF is presented as Δ 33 S and Δ 36 S to quantify 20 the deviation from the mass dependant fractionation slope; however, these values can be 21 small in magnitude -often much less than 1.0‰ (see Figure 1) . Therefore, it is important to 22 systematically quantify uncertainty on these values to ascertain whether a MIF signature does 23 indeed exist. 24 25 The mass independent relationship is denoted by the Δ 33 S and Δ 36 S notation to represent the 26 deviation between the isotopic ratios measured and those predicted according to mass 27 dependent fractionation, and is defined as: 28 Table 2 shows the accumulated SIMS isotopic data to define analytical repeatability of the 7 four reference materials. Uncertainty reported in Table 2 and the text is twice the standard 8 deviation of the mean. A compilation of in situ sulfur isotopic measurements for reference 9 materials and unknown samples is presented in Supplementary Material. 10 11 Unmixing of the solid solution pyrrhotite-pentlandite (Fe,Ni)1-xS at temperatures below ~600 38 ºC via exsolution of pentlandite is a common and ubiquitous petrochemical feature of 39 magmatic nickel-sulfide ore deposits (e.g., Kelly and Vaughn, 1983; Naldrett et al., 1967) . To 40 unravel and decipher the sulfur isotopic record hosted by pyrrhotite grains from magmatic 41 deposits, it is important to understand the effect of potential isotope fractionation between the 42 two phases of the Alexo pyrrhotite reference material (also derived from a magmatic ore 43 deposit). The sulfur isotopic composition of Alexo, determined by fluorination gas-source 44 mass spectrometry, itself incorporates a small amount (1-5%) of pentlandite exsolution. This 1 investigation is crucial because: 1) lamellae may be fast pathways of isotopic exchange in an 2 open system, 2) instrumental mass fractionation may be affected by the incorporation of more 3 than one phase (see Hervig et al., 2002) , and 3) natural isotopic fractionation of pentlandite-4 pyrrhotite may be reflected in the bulk analysis and not represented in the SIMS analysis 5 (when avoiding exsolution lamellae). 6 7 Because lamellae are so fine and difficult to observe even with adequate BSE imaging, it is 8 impossible to solely analyse exsolution lamellae (Figure 4) . Therefore, to evaluate the effect 9 on sulfur isotope composition of the presence of exsolution lamellae within Alexo pyrrhotite 10 on sulfur isotope composition, 60 in situ analyses were carried out in two groupings: 1) 30 11 analyses of areas with an abundance of exsolution lamellae, and 2) 30 analyses of areas free 12 from exsolution lamellae. Alexo grains were reimaged after SIMS work to identify which 13 analyses incorporated some component of exsolution lamellae (Figure 9 ). (~150 ppm), Se (~600 ppm) and Cu (~500 ppm). VMSO pentlandite contains small (~100 8 µm) inclusions of magnetite and is intergrown with pyrrhotite and pyrite. WDS mapping 9
demonstrates that the pentlandite portion of VMSO is homogeneous but that fractures and 10 sulfide intergrowths should be avoided (Figure 4d) . Analysis of the intergrowths reveal 11 compositions of 59.5 ± 0.6 wt.% Fe and 39.3 ± 0.1 wt.% S, for pyrrhotite (n = 13) and 45.6 ± 12 0.2 wt.% Fe, 0.9 ± 0.0 wt.% Co, and 53.5 ± 0.2 wt.% S, for pyrite (n = 11 The in situ SIMS multiple sulfur isotope data from this study are used to constrain the nature 10 of the ore-forming process in the Moran shoot, within the Kambalda camp of Western 11
Australia. The results are compared with existing data from the Victor South shoot along the 12
Victor channel, where the VMSO reference material was collected and analysed, in order to 13 reflect on the sulfur isotope architecture of the various channels exposed in the Long-Victor 14 deposit. The integrated dataset also permits discussion of the large-scale setting of the 15
Kambalda camp in relation to other world-class nickel-sulfide deposits in the Kalgoorlie 16 Terrane of the Yilgarn Craton, which hosts the largest resources and reserves of nickel-1 sulfide mineralisation associated with komatiites (Barnes and Fiorentini, 2012 The case study focussed on the identification of the multiple sulfur isotope signature of the 8 major magmatic sulfide phases (pyrrhotite, pentlandite and chalcopyrite) hosted in the 9 massive sulfide layer at the base of the Moran shoot at Kambalda, Western Australia. The 10 spatial and genetic relationship between the Victor South shoot, where VMSO reference 11 material was collected, and the Moran shoot, where the sample for the case study was 12 collected, is discussed in Barnes et al. (2013) and presented in Figure 6 . Briefly, the Moran 13 shoot is hosted in the same channelized structure that hosts the larger Long shoot. This 14 channel runs roughly parallel to the Victor channel in which the Victor South shoot is hosted. 15
The shoots, discussed in this study.
22
The ore body largely comprises massive and matrix sulfides dominantly composed of 1 pentlandite (38%) and pyrrhotite (58%), with minor (4%) chalcopyrite (Figure 7) . Pyrrhotite 2 and pentlandite are intergrown and are in equilibrium. Chalcopyrite forms small (<40 µm) 3 interstitial grains in equilibrium with the other sulfides at pentlandite-pyrrhotite boundaries. 4 Multiple sulfur isotope data were acquired from four 5 mm in diameter pucks of ore and 5 values for δ 34 Table 4 . WDS data were also acquired from the 6 pentlandite and pyrrhotite to ensure similar chemical composition to the reference material. 7 8 9 The in situ SIMS data presented in Table 4 compare well with 10 aliquots of bulk sulfide 24 material from the same ore shoot, which returned δ of natural isotope fractionation. Natural δ 34 S fractionation among the sulfides that make up a 14 multi-sulfide phase ore assemblage cannot be easily resolved through bulk rock analysis (as 15 presented in Figure 8 ). This in turn may lead to misinterpretations of subtle sulfur isotope 16 variations. In situ analysis also has the potential to highlight the presence of secondary 17 sulfides. Therefore, the in situ approach provides the user the ability to resolve ambiguities 18 that may arise through whole-rock isotope analysis. clearly portrayed Kambalda as being radically different from the giant komatiite-hosted 7 deposits in the northern part of the Kalgoorlie Terrane, which display a very pronounced 8 negative MIF signature (up to -0.7‰). The bulk rock isotope signature of the VMSO ore 9 sample is reflected in the lack of MIF recorded in the VMSO pentlandite standard presented 10 in this study. 11 12 In the Long-Victor deposit, the relationship between the Victor South and Moran shoots is 13 described in Barnes et al. (2013) . For the sake of the argument here, the most important 14 message to be taken away from the study of Barnes et al. (2013) S exists for pentlandite ( Figure  35 7). Inverse pole figures (of which one sample is shown in Figure 9 ) relate count rates to grain 36 orientation in which analyses are plotted based on the angular relationship between the mount 37
x-direction and the main crystal axes. 
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